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Abstract. We report on the vertical distributions of Saha-
ran dust aerosols over the N.E. Mediterranean region, which
wereobtainedduringatypicaldustoutbreakonAugust2000,
by two lidar systems located in Athens and Thessaloniki,
Greece, in the frame of the European EARLINET project.
MODIS and ground sun spectrophotometric data, as well as
air-massbackwardtrajectoriesconﬁrmedtheexistenceofSa-
haran dust in the case examined, which was also successfully
forecasted by the DREAM dust model. The lidar data analy-
sis for the period 2000–2002 made possible, for the ﬁrst time,
an estimation of the vertical extent of free tropospheric dust
layers [mean values of the aerosol backscatter and extinc-
tion coefﬁcients and the extinction-to-backscatter ratio (lidar
ratio, LR) at 355nm], as well as a seasonal distribution of
Saharan dust outbreaks over Greece, under cloud-free condi-
tions. A mean value of the lidar ratio at 355nm was obtained
over Athens (53±1sr) and over Thessaloniki (44±2sr) dur-
ing the Saharan dust outbreaks. The corresponding aerosol
optical thickness (AOT) at 355nm, in the altitude range 0–
5km, was 0.69±0.12 and 0.65±0.10 for Athens and Thessa-
loniki, respectively (within the dust layer the AOT was 0.23
and 0.21, respectively). Air-mass back-trajectory analysis
Correspondence to: A. Papayannis
(apdlidar@central.ntua.gr)
performed in the period 2000–2002 for all Saharan dust out-
breaks over the N.E. Mediterranean indicated the main path-
ways followed by the dust aerosols.
1 Introduction
Tropospheric aerosols arise from both natural sources (wind-
borne dust, sea spray, forest ﬁres and volcanic eruptions, etc.)
and anthropogenic sources (combustion of fossil fuels, car
trafﬁc and biomass burning activities, etc.). With the in-
creasing urbanization and industrialization over the whole
Mediterranean region and especially along the coastal ar-
eas, the content of aerosols particularly in the lower tropo-
sphere increases continuously (Lelieveld et al., 2002) lead-
ing to high aerosol extinction values over the area (Barnaba
and Gobbi, 2004; Matthias et al., 2004). A recent paper by
Sciare et al. (2003) investigated the contribution of different
aerosol sources in the Eastern Mediterranean Basin, showing
that this region is inﬂuenced during summertime by a wide
range of air-masses originating mainly in Europe and Africa.
Aerosols can be emitted directly as particles (primary
aerosol) or formed by gas-to-particle conversion processes
(secondary aerosol) and can travel over long distances from
their source region, as their residence time in the troposphere
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is ranging from a few days to a few weeks (e.g. Pandis et al.,
1995). Their composition and atmospheric concentrations
are highly variable. Particles smaller than 1µm diameter
generallyhaveconcentrationsrangingfromtenstothousands
of particles per cm3, while those exceeding 1µm diameter
are usually found at concentrations less than 1particle per
cm3 (Hsu et al., 1996; Andreae and Crutzen, 1997; Thomp-
son et al., 2001).
Atmospheric particles and mainly the mineral dust parti-
cles, inﬂuence the earth’s radiation balance and climate in
two ways: (a) by reﬂecting and absorbing, both incoming
and outgoing radiation (Seinfeld and Pandis, 1998; Acker-
mann and Chung, 1992; Meloni et al., 2004; Seinfeld et
al., 2004), depending on their chemical composition, a phe-
nomenon termed as “direct aerosol effect”, and (b) by acting
as cloud condensation nuclei (CCN) and thereby determine
the concentration of the initial droplets, albedo, precipitation
formation and lifetime of clouds (Schrope, 2000; Lohmann
and Feichter, 2001; Krueger and Grassl, 2002; Satheesh and
Krishna Moorthy, 2005), a phenomenon termed as “indi-
rect aerosol effect”. These two phenomena are very difﬁ-
cult to quantify and thus large uncertainty exists about the
climatic role of aerosols (Charlson et al., 1992; Duce, 1995;
Houghton et al., 2001; Lohman and Feichter, 2001; Ander-
son et al., 2003). In the case of the direct aerosol effect, it is
interesting to note that according to observations and numer-
ical modeling the UV-absorbing particles (such as mineral
dust) inhibit smog production (Dickerson et al., 1997), which
could have major implications for the control of air pollution
in large urban sites. Additionally, as large dust particles ab-
sorb solar radiation, they can modify the earth’s thermal ra-
diation budget, so for an average dust event, it is estimated
that the lower atmosphere (1.5–3.5km altitude) is heated by
∼0.2K per day. At about 30 dusty days per year, the pres-
ence of dust aerosols leads to a regional heating of ∼6K per
year (Alpert et al., 1998). Therefore, dust aerosols play a
crucial role in earth’s radiation budget. Additionally, it was
found recently that the Saharan air layer (SAL), an elevated
layer of Saharan air mixed with mineral dust, may play a cru-
cial role in suppressing tropical cyclone activity in the north
Atlantic region (Dunion and Velden, 2004).
Every year large quantities of dust are emitted into the at-
mosphere during the high wind periods over the desert re-
gions (Sahara, Gobi deserts). Strong winds can blow sand,
from desert regions, into the free troposphere where it is
advected over great distances (Prospero and Carlson, 1972;
Prospero et al., 2002; Ginoux et al., 2004). Most of these
particles are coarse (diameter ≥1µm) and are thus deposited
close to the source region, while some fraction of the smaller
particles(diameter around 0.5–1µm)canbe transported over
large distances. An estimation of the emission ﬂux of desert
aerosols that is subject to long-range transport is of the or-
der of 1500Tg/yr (Wafers and Jaenicke, 1990). At the global
scale, the Sahara desert is the most important source of min-
eral aerosols. For the Saharan dust region it is estimated that
every year about several hundred million tons (Prospero et
al., 1996) up to one billion tons (D’Almeida, 1986) of desert
dustareexportedtothetropicalNorthAtlanticOceanandthe
Mediterranean Sea (Prospero and Carlson, 1972; Prospero et
al., 1993; Prospero, 1999; Rodriguez et al., 2001; Bonasoni
et al., 2004).
Aerosol optical properties derived from the Advanced
Very High Resolution Radiometer (AVHRR) (Ignatov et al.,
1998) classiﬁed the Mediterranean Sea as one of the areas
with the highest aerosol optical depths in the world, as re-
ported by Husar et al. (1997), Prospero et al. (2002), Barnaba
andGobbi(2004)andPerroneetal.(2005), whichmostlyoc-
cur during Saharan dust outbreaks. For this reason over the
Mediterranean Sea the Saharan dust events have been studied
for more than 20 years, mainly by using satellite data (Du-
lac et al., 1992; Jankowiak and Tanr´ e, 1992; Moulin et al.,
1997a; Moulin et al., 1997b; Prospero et al., 2002; Moulin
and Chiapello, 2004). As a consequence, few mostly non-
systematic publications exist on the vertical distribution of
desert dust particles over the Mediterranean Sea (Hamonou
et al., 1999; Di Sarra et al., 2001; Gobbi et al., 2002; Du-
lac et al., 2003; de Tomasi et al., 2003; Pappalardo et al.,
2003; Balis et al., 2004). Therefore, no systematic data on
the vertical proﬁles, as well as on the temporal and spatial
evolution, of Saharan dust layers exist yet over the Eastern
Mediterranean Sea, except a limited number of vertical pro-
ﬁles taken during short campaign periods (Balis et al., 2000;
Gobbi et al., 2000; Gobbi et al., 2002, Dulac and Chazette,
2003; Balis et al., 2004).
In the period 2000–2002, 50 cases of Saharan dust aerosol
transport to the East Mediterranean Sea were followed by
two elastic backscatter-Raman lidar systems in Greece. The
ﬁrst system is located at the National Technical University of
Athens (NTUA), Athens (37.9◦ N, 23.8◦ E) and the second at
the Laboratory of Atmospheric Physics, Aristotelian Univer-
sity of Thessaloniki (LAP-AUTH), Thessaloniki (40.5◦ N,
22.9◦ E). These two lidar stations are located at a distance
of 400km one from the other and are part of the coordi-
nated European ground-based lidar network, operated in the
frame of the EARLINET Project (2000–2003) (B¨ osenberg
et al., 2001). The lidar data are complemented by satel-
lite images of the Moderate Resolution Imaging Spectro-
radiometer (MODIS), spectro-photometric (Brewer) data,
DREAM dust model results and by air-mass back-trajectory
analysis performed by the German Weather Service (DWD).
Unfortunately, no AOT data are available in Greece from the
Aerosol Robotic Network (AERONET) (Holben et al., 2001)
for the period studied (2000–2002) to be intercompared with
the AOT lidar data.
In this paper we present a statistical analysis of the Sahara
dust events detected in the period from May 2000 up to De-
cember 2002. Special emphasis is given on a typical case of
Saharan dust aerosols transported to the East Mediterranean
region and observed simultaneously by the NTUA and LAP-
AUTH lidar systems. Section 2 of this paper gives a brief
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presentation of the two Greek lidar systems, as well as a brief
description of the MODIS sensor and the DREAM model.
Section3isfocusedonlidar, spectrophotometricandsatellite
dataanalysis, supportedbydustmodelsimulations(DREAM
model) and air-mass back trajectory analysis, during a dust
event over Greece in August 2000. A synopsis of all li-
dar vertical proﬁles (mean values of the aerosol backscatter
and extinction coefﬁcients and the lidar ratio at 355nm), free
tropospheric air-mass back-trajectories ending over Athens
and Thessaloniki during Saharan dust events and the sea-
sonal distribution of Saharan dust events observed in the pe-
riod 2000–2002 over Greece is also given. Finally, Sect. 4
presents our concluding remarks.
2 Instrumentation
2.1 Lidar systems
The lidar system of NTUA is designed to perform contin-
uous measurements of suspended aerosols particles in the
Planetary Boundary Layer (PBL) and the lower free tropo-
sphere. It is based on the second and third harmonic fre-
quency of a compact pulsed Nd:YAG laser, which emits si-
multaneously pulses of 75mJ and 130mJ output energy at
355nm (implemented on mid-September 2000) and 532nm,
respectively with a 10Hz repetition rate. The optical receiver
is a Cassegrainian reﬂecting telescope with a primary mir-
ror of 300mm diameter and a focal length f=600mm, di-
rectly coupled, through an optical ﬁber, to the lidar signal
detection box (Papayannis and Chourdakis, 2002). The de-
tectors are operated both in the analog and photon-counting
mode and the spatial raw resolution of the detected signals is
15m. The lidar system of AUTH is also based on the second
and third harmonic frequency of a compact, pulsed Nd:YAG
laser, emitting simultaneously pulses of 120mJ and 250mJ
output energy at 355nm (implemented on October 2000) and
532nm, respectively, with a 10Hz repetition rate. The re-
ceiving telescope has a primary diameter of 500mm and fo-
cal length of f=5000mm. Phototomultiplier tubes (PMTs)
are used to detect the received lidar signals in the analog and
the photon counting mode, with a corresponding raw range
resolution of 7.5m (Balis et al., 2000). Both lidar systems
wereequippedduringmid-2001withaRamanchannelwork-
ing at 387nm (atmospheric N2 channel) for nighttime opera-
tion.
In order to get reliable and quantitative lidar aerosol data
several techniques and methods have to be combined. For
example, the standard backscatter lidar technique is appro-
priate to retrieve aerosol parameters mostly for small optical
depths, as in clean areas, assuming a reference height in an
aerosol-free area, as for example the upper troposphere. In
this case, the Klett inversion technique is used to retrieve the
vertical proﬁle of the aerosol backscatter coefﬁcient (baer) at
the respective wavelengths (Klett, 1985). The resulting aver-
age uncertainty on the retrieval of baer (including both statis-
tical and systematic errors and corresponding to 30–60min.
temporal resolution) is of the order of 20–30% (B¨ osenberg
et al., 1997). To overcome this large uncertainty associ-
ated with this technique, the Raman N2 lidar technique was
adopted and implemented at both lidar systems. The NTUA
and AUTH lidar systems have thus, since mid-2001, the ca-
pability to detect signals both by the Raman scattering from
theatmospheric N2 (at387nm)and theelasticbackscattering
at 355 and 532nm.
Using the methodology proposed by Ansmann et
al. (1992) the measurement of the elastic-backscatter sig-
nal at 355nm and that of the nitrogen inelastic-backscatter
signal at 387nm permits the determination of the extinction
(aaer) and backscatter (baer) coefﬁcients independently of
each other and, thus, of the extinction-to-backscatter ratio,
the so-called lidar ratio (LR) at 355nm. The height proﬁle of
the particle backscatter coefﬁcient at 355nm is determined
from the ratio of the elastic to the inelastic nitrogen Raman
signal and the extinction-to-backscatter ratio is then, calcu-
lated. The uncertainties of the retrieved aaer and baer vertical
proﬁles are of the order of 10–15% (Mattis et al., 2002).
Theverticalproﬁlesofbaer referringtomeasurementsper-
formed before the local sunset time (∼19:00UT) were re-
trieved by using the Klett technique, assuming a lidar ra-
tio value equal to 45sr. This value is typical for a mixture
of dust and marine aerosols at mid-latitudes (Ackermann,
1998). Since the Raman lidar signals have a very low inten-
sity, the Raman lidar measurements are possible only during
nighttime conditions. Therefore, only 15 (out of the total 50
dust cases followed) lidar ratio proﬁles are available for each
Greek lidar site, concerning the Saharan dust outbreaks in the
2000–2002 period.
The lidar systems of AUTH and LAP and the algo-
rithms implemented were successfully inter-compared with
the other EARLINET groups as reported by Matthias et
al. (2004), B¨ ockmann et al. (2004) and Pappalardo et
al.(2004). Toassurethatthelidarmeasurementsareobtained
under cloud-free conditions a portable cross-polarizing sys-
tem was used to detect the existence of sub-visible clouds in
the lidar systems’ ﬁeld of view (FOV). In such cases the lidar
proﬁles acquired were not taken into account in this study.
Thus, the Saharan dust aerosol proﬁles in this study can be
considered as taken only under cloud-free conditions.
2.2 MODIS instrument
The Moderate Resolution Imaging Spectroradiometer
(MODIS) was launched in December 1999 on the polar
orbiting Terra spacecraft and since February 2000 has
been acquiring daily global data in 36 spectral bands
from the visible to the thermal infrared (29 spectral bands
with 1km, 5 spectral bands with 500m, and 2 with
250m, nadir pixel dimensions). The MODIS aerosol
products are only created for cloud-free regions. The
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Fig. 1. The average aerosol backscatter coefﬁcient (baer) over
Athens, Greece obtained by lidar at 532nm on 28 August 2000,
averaged between 17:00 and 19:00UT.
atmospheric optical thickness (AOT) values are retrieved
by MODIS at 550nm for both ocean (best) and land (cor-
rected) as described by the MODIS sensor website (http:
//modis-atmos.gsfc.nasa.gov/MOD04 L2/format.html). Ac-
cording to Kaufman and Tanr´ e (1998) the AOT values over
the ocean are accurate to within their calculated uncertain-
ties (±0.03±0.05*AOT). In dust aerosol regimes, retrieved
aerosol optical thickness will have greater error due to non-
spherical effects. The AOT values over land are accurate to
within their calculated uncertainties (±0.05±0.20*AOT),
except in situations with possible cloud contamination, over
surfaces with sub-pixel surface water, such as coastal areas
and marshes.
2.3 DREAM model
An integrating modeling system, the Dust REgional Atmo-
spheric Modeling (DREAM) model was used to simulate the
3-dimensional ﬁeld of the dust concentration in the tropo-
sphere. It is based on the SKIRON/Eta modeling system and
the Eta/NCEP regional atmospheric model (Nickovic et al.,
2001). The dust model takes into account all major processes
of dust life cycle, such as dust production, horizontal and
vertical diffusion and advection and wet and dry deposition.
The model also includes the effects of the particle size dis-
tribution on aerosol dispersion. In DREAM the dust mass
is described by particles with four sizes, resulting from the
structure of desert soils based on content of clay, small silt,
large silt and sand. The model actually numerically solves
the Euler-type mass partial differential equation by integrat-
ing it spatially and temporally. The dust production is pa-
rameterized using near-surface wind and thermal conditions,
as well as soil features. The dust production mechanism is
based on the viscous/turbulent mixing, shear-free convection
diffusion, and soil moisture. In addition to these sophisti-
cated mechanisms, very high-resolution databases, including
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Fig. 2. The aerosol backscatter coefﬁcient (baer) over Athens and
Thessaloniki, Greece obtained by lidar at 532nm on 31 August
2000 at 17:30 and 19:00UT, respectively.
elevation, soil properties, and vegetation cover, are utilized.
Additional insight into the behavior of dust production
scheme is obtained by analyzing surface dust ﬂuxes. In
DREAM the dust concentration as a surface condition is
used. More speciﬁcally, the released surface concentration
of mobilized particles and the corresponding surface verti-
cal ﬂux depends on two groups of parameters: one relates
to the structure and state of the soil (soil composition, land
cover, soil moisture), while the second group describes the
turbulent state of the surface atmosphere, such as kinetic en-
ergy dissipation and near-surface thermal stability (Nickovic
et al., 2001).
Transport mixing and deposition processes are on-line
driven by an atmospheric model and its predicted meteoro-
logical parameters. The atmospheric model driver is updated
every 24h with newly observed data, but the simulated dust
concentration ﬁeld produced in the previous-day run initial-
izes the dust model at same time intervals.
3 Data analysis
3.1 Analysis methodology
In addition to the regular observations within EARLINET
(B¨ osenberg et al., 2003), lidar measurements have been per-
formed during special events such as Saharan dust outbreaks.
The lidar measurements presented at this paper have been
performed under “dust alerts” using forecasted information
on the occurrence of dust events from dust models (http://
forecast.uoa.gr and http://www.bsc.es/projects/earthscience/
DREAM/). In order to verify the presence of Sahara dust
over the measuring sites, we examined for each proﬁle the
corresponding 4-day back-trajectories based on the analysis
performed by the German Weather Service. In addition, we
also examined the corresponding images from the MODIS
sensor (AOT values).
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Fig. 3. The AOT values over Europe as derived at 550nm by the MODIS sensor on 28 (a), 29 (b), 30 (c) and 31 (d) August 2000.
3.1.1 Case study: 28 to 31 August 2000
This typical case concerns an intense Saharan dust outbreak,
which lasted for four days (28 to 31 August 2000) and was
successfully followed during two days (28 and 31) by the two
Greek lidar stations. Unfortunately, August 29 and 30 were
not favorable for lidar measurements due to low scattered
clouds over Greece. According to the German Weather Ser-
vice meteorological charts this event was associated with a
strong cyclonic ﬂow located over Africa, thus causing strong
winds over the whole Mediterranean region. The air-masses
after having passed over Libya and Tunis, where there may
have been enriched in Saharan dust aerosols, directly pene-
trated the central Mediterranean region.
Figure 1 shows the average vertical proﬁle of the aerosol
backscatter coefﬁcient (baer) (in km−1 sr−1) obtained at
532nm by the NTUA lidar system on 28 August 2000, over
Athens between 17:00 and 19:00UT. This proﬁle shows an
enhanced aerosol layer between 3 and 6km height, centered
over 3.5km. No lidar measurements are available for the
Thessaloniki station that day due to low clouds over that
site. Figure 2 shows two proﬁles of baer observed on 31 Au-
gust 2000 at 532nm over Athens and Thessaloniki, Greece
at 17:30 and 19:00UT, respectively. In both baer proﬁles
several distinct aerosol layers are clearly seen in the free
troposphere, extending from 2 up to 6kma.s.l. with a pro-
nounced peak of the order of 2–2.5×10−3 km−1 sr−1 ob-
served over both sites, but at different heights (around 3.5km
over Athens and around 5.5km over Thessaloniki). The
larger values of baer obtained at altitudes lower than 2km are
ascribed to the presence of anthropogenic aerosols emitted in
the PBL over both cities.
Figures 3a to d show the evolution of the AOT values (ob-
tained at 550nm) over the European continent taken by the
MODIS sensor from 28 to 31 August 2000, respectively.
Figure 3a shows that very large quantities of aerosol dust
(i.e. the AOT values are higher than 0.6) are present along
the northern boundaries of the African continent and also
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Fig. 4. The AOT and the ˚ Angstr¨ om coefﬁcient values derived by a
double spectrophotometer located at LAP during 28 and 31 August,
respectively.
over the Mediterranean Sea, particularly over S. Italy and
Greece. These high aerosol dust loadings move eastward
the following two days (29 and 30 August), mainly over
S. Italy and Greece giving local values of AOT between
0.4–0.6. Figure 3d shows a spectacular ﬁlament of Saharan
dust aerosol (AOT>0.6) emanating from N. Africa (Tunisia),
passing over S. Italy and Greece (31 August). Similar very
high aerosol loadings were also measured the same day by
the TOMS sensor (not shown) where aerosol index values
higher than 2.3 were found over the Ionian Sea, west of the
Greek peninsula. The AOT values measured by MODIS are
well comparable to the high optical depth values observed
over the Saharan region (AOT∼0.6–0.75) by the TOMS sen-
sor during March-August months (Torres et al., 2002) in the
period 1979–1992.
The AOT and the ˚ Angstr¨ om exponent values derived by a
double Brewer spectrophotometer (working in the UV spec-
tral region: 290 up to 360nm) located at AUTH during 28
and 31 August are presented in Fig. 4. In both days the AOT
values measured at 340nm were higher than 0.8 and reached
1.1 and 1.5 at these two days, respectively, during morning
hours. In any case these high AOT values conﬁrm the pres-
ence of dust aerosols over Thessaloniki on these two days.
If we follow the diurnal evolution of the ˚ Angstr¨ om exponent
values we can see variations between 0.7 and 1.5, clearly in-
dicating variation in the particles size distribution. For in-
stance, during the afternoon hours the observed ˚ Angstr¨ om
exponent values dropped down to 0.8–0.9, which means the
presence of rather large aerosol particles (coarse mode parti-
cles), such as mineral dust particles or sea-salt particles (or a
mixture of them) according to Moulin et al. (1997a) and Eck
et al. (1999). Similar observations were made by the AVHRR
sensor over the Eastern Mediterranean area (data not shown).
In our lidar system, the absence of a second wavelength
in the UV region (e.g. 355nm) could not permit us to obtain
some extra information about the vertical proﬁle of the par-
ticles size distribution during this dust event. However, ob-
servations made over Leipzig, Germany, during Saharan dust
episodes(Mattisetal., 2002; M¨ ulleretal., 2003; Mattisetal.,
2004) showed also similar small values of the ˚ Angstr¨ om ex-
ponent derived from sun photometer and a multi-wavelength
Raman lidar system. Similar values of the ˚ Angstr¨ om expo-
nent derived from sun photometer observations performed
during dust events were also recently reported by Perrone et
al. (2005) over Lecce in Southern-eastern Italy.
In order to verify the Saharan dust transport to the Eastern
Mediterranean region we performed a 4-days air-mass back-
trajectory analysis provided by the German Weather Service.
Therelevant96-hbacktrajectoryanalysisforair-massesend-
ing over Athens, Greece at 19:00UT on 28 and 31 August
2000 is presented in Figs. 5a and b, respectively. Similar tra-
jectory analysis was performed for air-masses ending over
Thessaloniki on 31 August 2000 at 19:00UT (Fig. 5c). For
both days all air-mass trajectories ending over the two sites
at levels between 700-hPa (∼3km) and 500-hPa (∼5.6km)
originated from the Saharan region at various levels (1–3km
height), where they were enriched with important aerosol
loads. These air-masses passed over central Italy and then
drifted cyclonically eastward toward Greece. It is also seen
on Figs. 5b and c, that the dust aerosols traveling from Thes-
saloniki to Athens, on 31 August, have been forced to de-
scend by about 2km while passing over the Aegean Sea.
This dust event was successfully forecasted by the
DREAM model over the Mediterranean region. A typical
output result valid for 31 August, at 12:00UT, is given in
Fig. 6. The upper part of Fig. 6 shows the vertical cross-
section of the dust concentration (µg/m3), the wind ﬂow and
the potential temperature (K) along the 10.4◦ E axis, while
the lower part shows the dust loading (g/m2) and the wind
ﬂow at 3000m over the Mediterranean region. It is also in-
teresting to mention that the maximum height of the high-
est dust concentration (∼330µg/m3) is observed over Italy
around 40◦ N at 8km height asl., slightly higher than the
top of the dust layer observed over Thessaloniki (located at
a similar latitude) that same day. Another very interesting
feature shown by the model is the fast uplift of the dust-rich
air-masses from 38◦ N to 43◦ N (along 10.4◦ E), which takes
place over the Mediterranean Sea. This dust ascent (from 5
to 8km) could be attributed to the presence of a warm con-
veyor belt (WCB) over the Mediterranean region (Eckhardt
et al., 2004). For the case examined the agreement between
the high values of the MODIS AOT and the DREAM data is
quite good mainly over Italy and Greece, where dust loads
ranging from 0.05 up to 0.75g/m2 were forecasted.
3.2 Synopsis of lidar (aerosol backscatter and extinction
coefﬁcients and lidar ratio) proﬁles (2000–2002)
In order to justify the presence of Sahara dust over the mea-
suring sites similar analysis with the example presented in
the previous paragraph has been applied to all Raman lidar
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Fig. 5. 96-h air-mass back-trajectories ending over Athens, Greece at 19:00UT (a) on 28 August, (b) 31 August 2000 and over Thessaloniki
at 19:00UT (c) on 31 August 2000.
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Fig. 6. Dust concentration (g/m3) (upper part) and dust loading (g/m2) (lower part) forecasted by the DREAM model for 31 August 2000 at
12:00UT.
measurements performed during the Saharan dust “alerts”
period. For these cases the aerosol backscatter and extinction
coefﬁcients, as well as the lidar ratio proﬁles at 355nm were
calculated for the 2000–2002 period over Athens and Thes-
saloniki. In total 15 aerosol proﬁles (backscatter and extinc-
tion coefﬁcient and lidar ratio) were obtained from Raman
measurements during nigttime, for each city in this study.
The mean baer, aaer and LR proﬁles up to 5.5–7km obtained
over Athens and Thessaloniki are shown in Figs. 7a, b and
c, respectively. The corresponding standard deviation for the
mean proﬁles is also shown.
In the case of the baer proﬁle over Athens (Fig. 7a) a dis-
tinct dust layer is visible between 3.5 and 5.5kma.s.l., which
has an average value of the order of 3×10−3 km-1sr−1. The
baer values are quite high (>3×10−3 km-1sr−1) in the ﬁrst
2km at both sites, while they are higher in Athens than in
Thessaloniki by a factor of ∼1.5, due to greater dust con-
centrations normally measured inside the Planetary Bound-
ary Layer (PBL) over Athens than over Thessaloniki. This
is due to the higher air pollution levels in Athens and to the
vicinity of this site to the African desert, thus higher dust
loadings are found during Saharan dust events. The baer pro-
ﬁle over Thessaloniki closely follows the shape of that over
Athens up to 4km, showing no distinct dust layers in the free
troposphere.
In the case of the aaer proﬁle over Athens (Fig. 7b) two
distinct dust layers are visible; the ﬁrst between 2 and 4km
and the second between 4 and 5.5kma.s.l., showing an
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average aerosol extinction coefﬁcient of 0.15km−1. The cor-
responding LR proﬁle (Fig. 7c) shows values between 50–
80sr inside the dust layer (2.5–4km).
A quite different spatial distribution of the dust aerosols
is found on the average proﬁles of aaer and LR over Thessa-
loniki (Fig. 7b and c), incomparison to the respectiveproﬁles
over Athens. The mean LR proﬁle over Thessaloniki shows
mean values around 40sr up to 4km height and also a large
standard deviation as in the case of Athens. Let us mention
that both aaer and LR proﬁles over Thessaloniki show higher
values in comparison to Athens below 2–2.5km. This could
be explained by the fact of the usually higher relative hu-
midity values found inside the PBL over Thessaloniki. How-
ever, thedustlayersfoundoverAthensaround2.5and4.5km
height are also visible over Thessaloniki, however much less
pronounced.
It is important to comment on the large standard deviation
values around the baer, aaer and LR proﬁles, which reﬂect
the large variability of the aerosol vertical proﬁles observed
during Saharan dust outbreaks over Greece, as well as the
low number of cases considered. This could be explained
by taking into account several factors: a) the variability of
the magnitude of the dust outbreak, depending on the dis-
tance from the dust source region and the pathways followed
by the dust aerosols before reaching Greece, which would
lead to different degrees of dilution along the different tra-
jectoriesor dry deposition, which then would affect theshape
of the particles (spheres-spheroids), b) the variability of the
dust layer’s height and thickness depending on season and
on the prevailing meteorological conditions and ﬁnally, c)
the mixture between dust particles, maritime and continental
polluted air-masses.
The corresponding LR mean values at 355nm over Athens
and Thessaloniki were equal to 53(±1)sr and 44(±2)sr, re-
spectively (the numbers given inside the brackets show the
corresponding standard error of the mean). It is interesting to
comment now on the larger LR values observed over Athens
than over Thessaloniki, at altitudes higher than 2.5km. At
ﬁrst, let us remind that the LR is an indicator of the absorp-
tion properties of particles (M¨ uller et al., 2000). Therefore,
increasing LR values might mean increasing absorption of
the particles. Another important factor that might increase
the LR for the same aerosol type is the non-sphericity of the
particles (Mattis et al., 2002; Ansmann et al., 2003). Athens
is closer to the source region therefore there is a larger pos-
sibility for large non-spherical particles to be present in the
dust layer, relative to Thessaloniki, which is 400km north
of Athens and therefore dry deposition processes might have
removed part of these particles.
We also know that the LR values depend on RH values
(Ackermann, 1998). However, the RH values are generally
quite similar on the height range from 2.5 to 5km, between
the two sites, during Saharan dust outbreaks. Therefore, no
difference is expected on the LR due to this factor. Another
factor inﬂuencing the LR values in the lower troposphere is
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Fig. 7. The mean aerosol backscatter (a), extinction (b) and lidar
ratio (c) proﬁles at 355nm, obtained over Athens and Thessaloniki,
Greece during the period 2000–2002. The standard deviation is also
shown.
the local air pollution level. It is known that higher air pol-
lution levels usually prevail over Athens than over Thessa-
loniki, therefore higher LR are expected under more polluted
conditions (M¨ uller et al., 2000). Therefore, we believe that
all these factors may fully explain the different LR values
measured over Thessaloniki and Athens.
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Fig. 8. Air-mass back-trajectories ending (a) over Athens at 700hPa during 50 Saharan dust events (67 days of observations) and (b) over
Thessaloniki at 700hPa during 17 Saharan dust events (20 days of observations) (2000–2002).
Similar LR values as the ones reported in this paper (rang-
ing from 45–60sr) have been recently reported in the UV
spectrum by De Tomasi et al. (2003) during a Saharan dust
event on May 2001 over Southern Italy, while those reported
by Ansmann et al. (2003) and by M¨ uller et al. (2003) during
October 2001 over central Europe were higher (50 to 90sr)
within the dust layer. Lidar ratios ranging from 42 to 47 sr
at 355nm were also obtained for desert dust aerosols using
numerical Mie theory simulations (Ackerman, 1998). Our
results on the average LR values observed at 355nm over
Athens and Thessaloniki during Saharan dust outbreaks are
also comparable (if we take the wavelength dependence into
account) to the ones reported for dust layers at 532nm, by
M¨ uller et al. (2000) and by Sakai et al. (2002), over the In-
dian Ocean and Japan, respectively.
ThecorrespondingAOTvaluesderivedbytheRamanlidar
data at 355 nm in the altitude range 0.6–5km, during Saha-
ran dust outbreaks were similar for the two cities and were
found equal to 0.69(±0.12) and 0.65(±0.10) for Athens and
Thessaloniki, respectively. These values compare very well
with the values retrieved by the MODIS sensor over Greece
at 550nm during the Saharan dust outbreaks, which typically
are of the order of 0.45–0.55 (Fig. 3), if we take into ac-
count for the wavelength dependence of the AOT between
355nm and 550nm. Similar mean AOT values retrieved
from MODIS observations during Saharan dust events were
recently reported by Barnaba and Gobbi (2004) over Greece.
If we calculate the AOT inside the dust layers (between
2.5 and 5km) we obtain a value around 0.23 over Athens and
around 0.21 over Thessaloniki. These values are also similar
to the AOT values of 0.21–0.26 at 351nm, recently reported
by De Tomasi et al. (2003) inside the dust layers observed
over Southern Italy during a Saharan dust event occurred on
May 2001, but slightly lower than the AOT values measured
over Leipzig, Germany during a similar dust event occurred
on October 2001 (M¨ uller et al., 2003).
3.3 Synopsis of air-mass back-trajectories (2000–2002)
In this section a synopsis of all back-trajectories ending over
Athens and Thessaloniki (at 700hPa pressure level) during
Saharan dust outbreaks in the period 2000–2002 is given.
Figure 8a shows all air-mass back-trajectories ending over
Athens at level 700hPa during the 50 observed Saharan dust
outbreaks (correspondingto67daysof observations). Asim-
ilar ﬁgure (Fig. 8b) is produced for the air-masses ending
over Thessaloniki at 700hPa during the 17 Saharan dust out-
breaks (corresponding to 20 days of observations) and for the
same time period of measurements. Comparing now these
air-mass back trajectory data it is evident that the air-masses
rich in Saharan dust particles follow a preferable NE direc-
tion starting from the Saharan desert region and ending at the
Eastern Mediterranean Sea. This is more evident in the case
of Athens where more statistically signiﬁcant trajectory data
are available.
Atmos. Chem. Phys., 5, 2065–2079, 2005 www.atmos-chem-phys.org/acp/5/2065/A. Papayannis et al.: Measurements of Saharan dust aerosols over the Eastern Mediterranean 2075
Fig. 9. Seasonal variability of Saharan dust events observed by lidar over Athens (a) and over Thessaloniki (b) during the measuring period
of the EARLINET project (2000–2002).
According to Figs. 8a and b for both Greek cities the
most important source regions of Saharan dust events are the
Northern African countries, namely (with decreasing impor-
tance) Algeria, Libya, Tunisia and Morocco. It is interesting
to note that similar ﬁndings were recently published for the
most important source countries of Saharan dust events at
the Jungfraujoch site in Switzerland (Collaud Cohen et al.,
2004).
In any case from these two ﬁgures we can conclude that
the western and south-western sectors of Greece are the most
preferable sectors followed by the air-masses transported in
the free troposphere (between 3 and 5.5km height) ending
over Greece during Saharan dust outbreaks. It is also inter-
esting to mention that in the reporting period no Saharan dust
transport was observed from Africa to the Eastern Mediter-
ranean Sea, through central-northern Europe, during major
Saharan dust events, which occurred over central Europe in
2001 and 2002 (Ansmann et al., 2003).
3.4 Seasonal distribution of Saharan dust events (2000–
2002)
Although, the monthly distribution of the Saharan dust trans-
port events over the Mediterranean Sea can be obtained
from satellite observations, there are only two available
publications, on a 11-year (1983–1994) climatology. The
ﬁrst publication is limited to the Western Mediterranean re-
gion (Moulin et al., 1997b), while the second refers to the
whole Mediterranean Basin (Moulin et al., 1998). Both cli-
matic studies have been conducted using METEOSAT visi-
ble channel images and mostly under cloud-free conditions.
Moulin et al. (1998) have observed that the maximal north-
ward transport shifts from the eastern to the western basin
during March to August and that during autumn and winter
there is very little dust transport.
Our lidar observations over Athens obtained between
2000–2002 (in total 32 months were covered), during Sa-
haran dust events, although concern a relatively low num-
ber of years compared to the 11-years cycle investigated by
Moulin et al. (1998), showed that the autumn period can also
be considered as a period with important Saharan dust trans-
port over the Eastern Mediterranean region. The seasonal
distribution of Saharan dust events observed over Athens
and Thessaloniki during the observation period of the EAR-
LINET project (limited to cloud-free conditions) is presented
in Figs. 9a and b, respectively. For instance over Athens 14
cloud-free cases have been reported -out of a total number of
50 cases- during the autumn period (September to November
2000–2002). Both Figs. 9a and b show that during the sum-
mer and autumn months most of the Saharan dust outbreaks
(40–50% of the cases) generally reach the Eastern Mediter-
ranean region. This is linked to the synoptic meteorological
situation where Greece is inﬂuenced by air-masses coming
form the western-southwestern directions (Prezerakos et al.,
2004). Springtime period (mostly the month of May) is the
next favorable period for Saharan dust outbreaks monitoring
mostly over Athens. Winter period is of course the less fa-
vorable period for such observations, not only due to cloud
cover, but also due to the synoptic meteorological situation,
where Greece is mostly inﬂuenced by air-masses originating
from the North Polar region.
We believe that it is also interesting to mention that our re-
cent ﬁndings have shown a mean number of 18 Saharan dust
events per year in the time period May 2000–May 2003 over
Athens (B¨ osenberg et al., 2003). This of course is not statis-
tically signiﬁcant, due to the small number of years consid-
eredinthisstudy. However, thiscomparesfavorablywelltoa
mean value of 16 Saharan dust events per year, during an 11-
years period (1983–1994), reported by Moulin et al. (1997b)
concerning the Ligurian Sea in the Western Mediterranean
region.
4 Conclusions
In this paper we presented vertical proﬁles of Saharan dust
aerosols over the Eastern Mediterranean region, obtained
over two sites (Athens and Thessaloniki), using elastic
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backscatter-Raman lidar systems, in the frame of the Euro-
pean EARLINET project. A selected case of Saharan dust
transport to the Eastern Mediterranean was analytically pre-
sented using lidar, spectrophotometric and satellite obser-
vations, complemented by air-mass back-trajectory analysis
and dust model data. During the whole period of observa-
tions of the EARLINET project (2000–2002) multiple dis-
tinct dust layers of variable thickness (200–3000m) were
systematically observed over the Eastern Mediterranean re-
gion in the altitude region between 1.5 and 6.5km height
above sea level. However, the greatest aerosol loading gen-
erally occurred between 2 and 5km. The dust layers gen-
erally traveled the distance between the Saharan region and
the E. Mediterranean (3000 to 4000km) in a period of 2–4
days. Athens was more privileged than Thessaloniki in ob-
serving a higher number of Saharan dust events since it is
located closer to the African continent and generally expe-
riences clearer skies. This is evident in the total number of
Saharan dust events observed over Athens (50 events) ver-
sus 17 events observed over Thessaloniki. A mean number
of 18 Saharan dust events per year in the time period May
2000–May 2003 was reported over Athens, but this is not
statistically signiﬁcant due to the small number of years con-
sidered.
Back-trajectory analysis performed in the period 2000–
2002 for all Saharan dustoutbreaks over the Eastern Mediter-
ranean indicated, for the ﬁrst time, the main pathways fol-
lowed by the Saharan dust aerosols from the source areas to
the Eastern Mediterranean Sea. This helped us to conclude
that the western and south-western sectors of Greece are the
most preferable sectors followed by the air-masses trans-
ported in the free troposphere (between 3 and 5.5km height)
ending over Greece during Saharan dust outbreaks. We also
showed that during the summer and autumn months most of
the Saharan dust outbreaks (40–50% of the cases) generally
reach the Eastern Mediterranean region. This is linked to the
synoptic meteorological situation where Greece is inﬂuenced
by air-masses coming form the western-southwestern direc-
tions.
Another interesting feature revealed by the analysis of
combined lidar and satellite data during Saharan dust out-
breaks showed that the origin of the dust particles was the
lower troposphere over the Saharan region in N-NW Africa
andthattheMODISAOTvaluescanreachvalueshigherthan
0.6 at 550nm over the Eastern Mediterranean Sea during
important Saharan dust outbreaks. Concerning the aerosol
optical properties of the dust layers a mean value of the li-
dar ratio at 355nm, was obtained over Athens (53±1sr) and
over Thessaloniki (44±2sr) in the period 2000–2002, as de-
rived by the Raman lidar data. The corresponding aerosol
optical thickness (AOT) at 355nm, in the altitude range 0.6–
5km, was found equal to 0.69±0.12 and to 0.65±0.10 over
Athens and Thessaloniki, respectively. The mixing of dust
particles with sea-salt particles of maritime origin could pos-
sibly explain the lower mean LR value (Ackermann, 1998)
observed over Thessaloniki, than over Athens. In addition
to that, higher air pollution levels over Athens would lead
to higher LR values, as expected under more polluted con-
ditions (M¨ uller et al., 2000). The presence of more non-
spherical particles over Athens may also explain the larger
LR values observed in this site compared to those measured
over Thessaloniki.
We believe that the lidar data on the dust aerosol vertical
proﬁles presented at 355 and 532nm are indicative for our
area and will be a very important input for regional radia-
tive transfer models (RTM) and atmospheric chemistry trans-
port models (ACTM) over the Eastern Mediterranean region
(Diaz et al., 2000; Lelieveld et al., 2002), as well as for atmo-
spheric correction of ocean color imagery data (Moulin et al.,
2001). Our lidar ratio observations could also contribute to
a better calibration over the Eastern Mediterranean region of
the forthcoming two-wavelength space lidar CALIPSO mis-
sion. These height-derived dust aerosol proﬁles can also be
used for the corrections of the retrieval of the tropospheric
ozone proﬁles derived from satellite data (i.e. by the Ozone
MonitoringInstrument(OMI)onboardtherecentlylaunched
Aura spacecraft) during Saharan dust events.
Similar work on radiative transfer calculations has been
reported recently by Wagner et al. (2001) using lidar aerosol
proﬁles obtained during the Indian Ocean Experiment (IN-
DOEX) on March 1999. In addition, our lidar data can be
also used as input data in operational Saharan dust forecast
models and thus will be valuable for long-term studies on the
radiative forcing of aerosols in the Mediterranean Sea (Sciare
et al., 2003; Meloni et al., 2004). Of course, long-term lidar
data are certainly required over the whole Mediterranean re-
gion to better evaluate the dust aerosol optical properties in
the ultraviolet and visible part of the spectrum, in conjunc-
tion with available satellite data and AOT data derived by
the AERONET network. This will help to better assess the
aerosol radiative properties in this area. These studies, al-
ready started in the frame of the EARLINET project, should
be continued on a long-term basis, and should be combined
with modeling phase functions of aerosols of different shapes
and dimensions (Mishchenko et al., 1997).
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